INTRODUCTION
Spermatogenesis is a highly intricate and coordinated process that allows continuous daily production of millions of spermatozoa throughout the reproductive lifespan of male mammals. 1 This sustained production of spermatozoa depends on the development of spermatogonia, which was classified into two subpopulations, undifferentiated spermatogonia and differentiating spermatogonia. 2, 3 In mice and other rodents, undifferentiated spermatogonia include spermatogonial stem cells (SSCs) and progenitor spermatogonia, which can be subdivided into A single (A s ), A paired (A pr ), and A aligned (A al ) spermatogonia according to the number of cells connected by intercellular cytoplasmic bridges. Differentiating spermatogonia are derived from undifferentiated spermatogonia and consist of A 1 , A 2 , A 3 , A 4 , intermediate (In), and Type B spermatogonia. [3] [4] [5] [6] [7] SSC self-renewal, spermatogonial proliferation, and spermatogonial differentiation are vital prerequisites for spermatogenesis. Self-renewal of SSC provides the foundation for the continuity of spermatogenesis. The initiation of spermatogenesis occurs when SSCs leave the self-renewal pathway and undergo several mitotic cell divisions to produce A pr and A al spermatogonia, which then differentiate without mitotic division into A 1 spermatogonia. The A 1 spermatogonia undergo another series of mitotic divisions that lead to the successive formation of A 2 , A 3 , A 4 ,
ORIGINAL ARTICLE
Mechanistic target of rapamycin kinase (Mtor) is required for spermatogonial proliferation and differentiation in mice in specific processes of spermatogonial development. In this study, we used stimulated by retinoic acid gene 8 (Stra8)-Cre to generate a germ cell-specific Mtor knockout (KO) mouse model to investigate the role of MTOR in spermatogonial development and male fertility.
MATERIALS AND METHODS Animals
All animals used in our study were housed under a controlled lighting regime (14 h light; 10 h darkness) at 21°C-22°C with freely available food and water. Animal procedures were all approved by the Institutional Animal Care and Use Committee at the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). To generate germ cell-specific Mtor KO mice, male Stra8-Cre mice (No. 008208, The Jackson Laboratory) were crossed with female Mtor-floxed mice (Mtor fl , No. 011009, The Jackson Laboratory) to generate Mtor fl/+ ; Stra8-Cre male mice. Then, Mtor fl/+ ; Stra8-Cre male mice were crossed with female Mtor fl/fl mice to produce Mtor fl/Δ ; Stra8-Cre male mice, which we designated as Mtor KO mice. The Mtor fl/+ ; Stra8-Cre male littermates were used as controls. Genomic DNA (gDNA) isolated from tail biopsies was used for PCR-based genotyping and primers for identifying Cre and floxed Mtor alleles were designed as described previously. [21] [22] [23] [24] Wild-type (WT) C57BL/6J female mice were purchased from the Animal Center of the Chinese Academy of Sciences (Shanghai, China).
Testicular morphological analysis and sperm counts
Testes were collected immediately after the animals were killed. Whole body weights and testicular weights were measured on a chemical balance. Images of testes were recorded with a stereoscopic microscope (MVX10, Olympus, Shinjuku, Tokyo, Japan). Mature spermatozoa were collected from the cauda epididymidis and counted in a computerassisted semen analysis (CASA) machine (HTM-TOX IVOS sperm motility analyzer, Animal Motility, version 12.3A, Hamilton Thorne Research, Beverly, MA, USA) as described previously. 25 
Fertility test
To evaluate the fertility of male mice, five Mtor KO mice and their littermate controls were mated with WT C57 female mice at a ratio of 1:2, starting at 8 weeks of age. The duration of the fertility test was 4 months and the C57 female mice were replaced each month. Successful conception was defined by the presence of a vaginal plug and a subsequent visibly growing abdomen. Cages were monitored daily and litter sizes were recorded at delivery. 20
BrdU labeling
The BrdU labeling was done as described previously. 26 Briefly, mice were injected intraperitoneally with BrdU (50 μg g −1 body weight, B5002, Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered saline (PBS), then killed 2 h later. Testes were collected and fixed in 4% paraformaldehyde (PFA)/PBS solution.
Histolog y, immunohistochemistr y (IHC), and indirect immunofluorescence (IIF)
Histological and immunohistochemical analyses were performed as previously described with slight modifications. 26 Briefly, for histological analysis, mouse testes were fixed overnight in Bouin's fixative, dehydrated with graded ethanol, paraffin-embedded, and sectioned at 5 μm. The sections were then deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E). For immunohistochemical analysis, mouse testes were fixed overnight at 4°C in 4% PFA, dehydrated with graded ethanol, paraffin-embedded, and sectioned at 5 μm. The sections were deparaffinized, rehydrated, subjected to antigen retrieval by boiling in 0.01 mol l −1 sodium citrate buffer, pH 6.0 for 30 min, and cooled to room temperature. The sections were blocked with 10% donkey serum in PBS for 60 min at room temperature. Primary antibodies were diluted in blocking solution and added to the sections for overnight incubation at 4°C. For colorimetric detection, the samples were washed three times with PBS, incubated for 1 h at room temperature with appropriate biotinylated secondary antibodies, and developed using a DAB substrate kit (GK500705, Gene Tech Co. Ltd., Shanghai, China). The samples were then counterstained with hematoxylin, dehydrated, and mounted with neutral balsam. For fluorescence detection, corresponding fluorescenceconjugated secondary antibodies were added to the washed sections and incubated for 2 h at room temperature. The sections were then incubated with DAPI (2 μg ml −1 ) for 5 min, washed three times with PBS, and mounted with fluorescent mounting medium (S3023, Dako North America Inc., Carpinteria, CA, USA). Primary antibodies used are listed in Supplementary Table 1 . The sections were examined with an Olympus BX-51 microscope.
Cell quantification of IIF
For cell quantification, we counted the total number of germ cells positive for each marker in approximately 70 seminiferous tubules across distinct microscopic fields of the testicular sections. Total germ cell numbers were then divided by the numbers of seminiferous tubules to evaluate the relative population size of each subset of germ cells.
Statistics
For all statistical analyses, at least three biological replicates were taken. Data were analyzed by Prism Version 7.0a (GraphPad Software Inc., San Diego, CA, USA) and expressed as the mean ± standard deviation. Assessment of statistical significance was performed with the unpaired t-test. P values are indicated as follows: * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001; not significant (NS) as P > 0.05.
RESULTS

Generation of germ cell-specific Mtor KO mice
We generated germ cell-specific Mtor KO mice by utilizing Stra8-Cre-mediated gene deletion. Stra8-Cre is initially expressed at postnatal day 3 (P3) in a subset of undifferentiated spermatogonia and is detected through to preleptotene stage spermatocytes, 24 so it is expected to direct floxed gene deletion in a substantial fraction of undifferentiated spermatogonia as well as differentiating spermatogonia and early meiotic spermatocytes. 19 To assess the efficacy of Stra8-Cre-driven Mtor deletion, we first crossed Mtor F/+ ; Stra8-Cre male mice with WT female mice and analyzed the genotypes of their offspring (Supplementary Figure 1) . Our results indicated that the recombination and excision efficiency of the floxed Mtor allele was up to 98% (Table 1) . Then, we performed immunohistochemistry (IHC) on testicular sections with an antibody against MTOR. A marked decrease in MTOR-positive (MTOR + ) germ cells was found in the testes of Mtor KO mice (Figure 1a, 1a Figure 2 ). Thereafter, we costained MTOR with promyelocytic leukemia zinc finger (PLZF, also known as zinc finger and BTB domain containing 16, ZBTB16), a widely used marker for undifferentiated spermatogonia. [27] [28] [29] [30] Costaining found that while essentially all the PLZF-expressing cells were also positive for MTOR in the testes of control mice at postnatal day 7 (P7) and postnatal day 14 (P14), a large proportion (approximately 50% at P7 and approximately 60% at P14) of PLZF-positive (PLZF + ) cells were devoid of MTOR expression in the testes of Mtor KO mice at the same ages (Figure 1c-1h, 1c '-1h' and 1i-1j). In addition, costaining of MTOR with GFRA1, a more restricted marker for undifferentiated spermatogonia, 19, [31] [32] [33] showed that the proportion of GFRA1 + /MTOR + germ cells were also significantly reduced (approximately 15% reduction at P7 and approximately 30% reduction at P14) in Mtor KO testes (Supplementary Figure 3) . Taken together, these data demonstrate that Stra8-Cre successfully deleted Mtor in our KO mouse model and this germ cell-specific deletion was initiated in a subset of undifferentiated spermatogonia.
', 1b, 1b' and Supplementary
Mtor KO mice progressively lose their germ cells and fertility with age
With Stra8-Cre-driven Mtor deletion confirmed, we then examined its influence on testicular development. Gross morphological observation showed that the testicular size of Mtor KO mice was only slightly reduced compared with control mice within the first 3 weeks after birth, but ceased to increase at about 5 weeks of age, and then progressively declined with age compared with the testicular size of control mice (Figure 2a) . Detailed statistical analysis of the relative testis weight (testis weight to body weight ratio) further supported this finding (Figure 2b) . We speculate that the age-related reduction in testicular size and weight was caused by a continual loss of germ cells and thus conducted histological analyses on testicular sections from Mtor KO and control mice at different ages. H and E staining revealed an apparent decrease of germ cells in the testes of Mtor KO mice as early as 2 weeks of age and a reduction in the lumen of seminiferous tubules (Figure  2c and Supplementary Figure 4) . Moreover, some of the seminiferous tubules of Mtor KO mice eventually became vacuolated, which started at about 8-12 weeks of age and gradually spread throughout the whole testis with age (Figure 2c) . Consistent with findings in the testis, H and E staining of epididymal sections showed vacuolation. Although a considerable number of mature spermatozoa were present in the cauda epididymidis of Mtor KO mice at 8-12 weeks of age, they were fewer than those of control mice and were lost quickly with age. We found no spermatozoa in the cauda epididymidis of Mtor KO mice starting from 24 weeks of age (Figure 2d) . Our computer-assisted semen analysis (CASA)-based data also supported this result (Figure 2e) . To evaluate the effect of this age-dependent loss of germ cells on fertility, each male at 8 weeks of age was housed with two WT females for a period of 4 months, during which the WT females were replaced by two new ones each month. The control males bred normally throughout the test period; however, Mtor KO males exhibited a progressive loss of fertility, displaying a similar trend to the loss of mature spermatozoa (Figure 2f) . Altogether, these results indicate that Mtor deletion disrupts testicular development and causes a progressive loss of germ cells in and fertility of male mice.
Spermatogonial differentiation in P7 Mtor KO testes
As mentioned above, Mtor deletion mediated by Stra8-Cre started in a subset of undifferentiated spermatogonia, so it was very likely to exert some influence on the biological functions of spermatogonia. To confirm this presumption, we assessed the cellular composition of testes from Mtor KO and control mice at P7, a time when the germ cells are mostly spermatogonia at different developmental stages. 34 We performed immunofluorescence analysis with the germ cell marker DDX4 and the Sertoli cell marker GATA4 and found fewer DDX4-positive (DDX4 + ) germ cells in Mtor KO testes compared with control testes (Figure 3a-3c, 3a'-3c' and 3p) , but no significant alteration in the number of GATA4-positive (GATA4 + ) Sertoli cells (Figure 3d-3f, 3d'-3f ' and 3q) . To determine the identity of the germ cells that were affected by Mtor deletion, we continued immunostaining with several molecular markers differentially expressed in distinct germ cell subpopulations to assess the population size of each subset of germ cells. We stained testicular sections with an antibody against glial cell line derived neurotrophic factor family receptor alpha 1 (GFRA1), which is abundantly and selectively expressed in a restricted population of undifferentiated spermatogonia. 19, [31] [32] [33] We found that the Mtor KO mice had an equal number of GFRA1-positive (GFRA1 + ) germ cells to that of control mice (Figure 3g-3i, 3g'-3i' and 3r) . Then, costaining of PLZF with KIT proto-oncogene receptor tyrosine kinase (KIT), a bona fide marker for differentiating spermatogonia, [35] [36] [37] revealed that the number of germ cells positive for PLZF but negative for KIT (PLZF + /KIT − ) was not changed, but germ cells positive for both PLZF and KIT (PLZF + /KIT + ) were markedly reduced in the testes of P7 Mtor KO compared with control mice (Figure 3j-3l, 3j'-3l' and 3s) . Similarly, we also detected a reduced number of germ cells expressing STRA8 (Figure 3m-3o, 3m'-3o' and 3t) , a differentiation marker mainly expressed in differentiating spermatogonia as well as preleptotene spermatocytes. 26, [38] [39] [40] 
Spermatogonial proliferation in P7 Mtor KO testes
As an apparent defect in spermatogonial differentiation was detected, we investigated whether spermatogonial proliferation was also affected by Mtor deletion. We costained GFRA1, PLZF, and STRA8 with the proliferation marker KI67 or BrdU to assess the proliferation status of distinct subsets of spermatogonia. We found that the proliferation rate of GFRA1 + spermatogonia was not changed (Figure 4a, 4a' and 4d) ; however, the proportion of PLZF + /BrdU + (Figure 4b, 4b' and 4e) and STRA8 + /BrdU + (Figure 4c, 4c' and 4f) germ cells were both decreased in P7 Mtor KO mice.
Spermatogonial proliferation and differentiation in adult Mtor KO mice at 8 months of age
To evaluate the long-term impact of Mtor deletion on the normal function of spermatogonia, we assessed the population size of different subsets of spermatogonia in the testes of adult Mtor KO mice at 8 months of age, an age when the seminiferous tubules all became vacuolated. We detected no KIT + differentiating spermatogonia in the testes of 8-month-old Mtor KO mice (Figure 5a and 5a') , but PLZF + undifferentiated spermatogonia were easily found (Figure 5b and 5b') .
In addition, quantitative analysis revealed that the number of PLZF + germ cells was markedly decreased (Figure 5c) . Costaining of PLZF with BrdU showed that the proportion of PLZF + /BrdU + germ cells also declined in Mtor KO mice (Figure 5d ). 
DISCUSSION
Spermatogonial development is a vital prerequisite for spermatogenesis, and considerable research has been devoted to unraveling the details and exact mechanisms underlying the development of spermatogonia, including SSC self-renewal, spermatogonial proliferation, and spermatogonial differentiation. In the current study, we used Stra8-Cre to generate a germ cell-specific Mtor KO mouse model to investigate the role of MTOR in spermatogonial development. Our results indicate that MTOR is required for spermatogonial proliferation and differentiation. When MTOR was deleted, the transition from undifferentiated to differentiating spermatogonia was greatly inhibited, leading to a marked reduction of differentiating spermatogonia. Moreover, MTOR deficiency also impeded the proliferation of spermatogonia, which further diminished the spermatogonia pool as well as the whole germ cell population. These outcomes are consistent with several previous studies. For instance, previous studies reported that mTORC1 is involved in RA-induced translation of several genes required for spermatogonial proliferation and differentiation, and inhibition of mTORC1 activity by rapamycin severely suppresses spermatogonial proliferation and differentiation. 18, 41 Toward the end of our study, these researchers published work in which they ablated Mtor more thoroughly in male germ cells using Ddx4-Cre to explore its role in spermatogonial development. 42 According to their recent data, Mtor deletion greatly impeded the proliferation and differentiation of spermatogonia without disturbing their survival and self-renewal. 42 Another two groups created mouse KO models with male germ cell-specific deletion of two upstream inhibitors of mTORC1, TSC1 and TSC2. They found that the ablation of TSC1 and TSC2 caused hyperactivation of MTORC1 signaling and excessive differentiation of undifferentiated spermatogonia, an effect opposite to that caused by MTOR deletion or mTORC1 inhibition. 19, 20 These results, together with our own findings, reveal that MTOR is indispensable for the proliferation and differentiation of spermatogonia, and mTORC1 activity seems to be positively correlated with the differentiation of spermatogonia.
Our current study found that all the phenotypes caused by Stra8-Cre-mediated Mtor deletion seemed to occur in an age-dependent manner. For instance, although our Mtor KO mice became sterile at about 6 months old, their fertility was only partially lost when they were young. Interestingly, the incomplete phenotype of young adults observed in our study was also found in the studies of TSC1 and TSC2 mentioned above. 19, 20 In both studies, a mixture of normal-appearing seminiferous tubules were found adjacent to degenerating tubules in the testes of 8-9-week-old KO mice, even when TSC1 and TSC2 were more extensively ablated using Ddx4-Cre. 19, 20 The deletion of TSC1 driven by Ddx4-Cre resulted in an approximately 60% decline in epididymal sperm number as well as a partial loss of fertility. 20 We had speculated that it might be an intrinsic property of MTOR (mTORC1) to affect spermatogonial development in a mild and progressive manner when its activity is either removed or excessively activated. However, our assumption was negated by recent work from the Geyer group, in which they abolished MTOR function earlier and more thoroughly using Ddx4-Cre and then detected a more complete phenotype. 42 Specifically, all seminiferous tubules in Ddx4-Cre-mediated Mtor KO mice contained vacuoles as early as P18 and not a single spermatozoon was found in the cauda epididymidis throughout the whole reproductive lifespan. 42 This research, combined with our results, indicates that either the timing or efficiency of Mtor deletion mediated by different Cre lines causes the variation of phenotypes between the two distinct Mtor KO mouse models. From our results, the recombination and excision efficiency of floxed Mtor allele was up to 98%, demonstrating that Stra8-Cre drove a nearly complete Mtor deletion within the male germline. As the possibility for inefficient Mtor deletion was excluded, it seems that the incomplete phenotype found in our study was caused by a delayed initiation of Mtor deletion driven by Stra8-Cre. Stra8-Cre is active in a particular subset of undifferentiated spermatogonia that have already obtained a high propensity for differentiation, but is inefficient in those still possessing high self-renewal potential, 19 so the Stra8-Creinduced Mtor deletion within undifferentiated spermatogonia may start at a relatively late stage when a considerable amount of MTOR proteins were already expressed. As it takes time to degrade all residual MTOR proteins, some undifferentiated spermatogonia may escape the differentiation arrest caused by MTOR deficiency and maintain a few rounds of spermatogenesis for a limited period of time. We detected weak expression of MTOR proteins in the residual germ cells of Mtor KO mice at different ages, providing supportive evidence for this hypothesis. However, more comprehensive examinations are still needed to fully confirm this proposal.
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